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ABSTRACT 


^  A  lightweight  polyurethane  foam  insulation  for  liquid  hydrogen  tanks  of  space  vehi¬ 
cles  was  developed  could  be  foamed  in  place,  ^  did  not  crack  when  chilled  to 

liquid  hydrogen  temperature,  and  had  a  thermal  conductivity  of  0.0137  W/(m)(K) 
(0.0079  Btu/(hr)(ft)(°R))  at  a  mean  temperature  of  136  K  (243°  R)  ^The  foaming-in¬ 
place  technique  in  which  the  foam  constituents  were  poured  directly  on  the  tank,  coupled 
with  the  specific  foam  formulation,  produced  a  34.4-kg/m^~  (2. 14-lb/ft^-)  density  foam 
that  remained  structurally  intact  during  all  simulated  ground-hold,  vibration,  and  space - 
hold  tests  conducted.  <5’hermophysical  properties  of  the  foam  were  determined,  and 
thermal  stress  profiles  throughout  a  layer  of  insulation  were  calculated.'^ 


LOW-DENSITY  FOAM  FOR  INSULATING  LIQUID-HYDROGEN  TANKS 

by  Irving  E.  Sumner 
Lewis  Research  Center 

SUMMARY 

The  objective  of  this  investigation  was  to  develop  and  test  a  lightweight  polyurethane 
foam  insulation  for  liquid  hydrogen  tanks  of  space  vehicles  that  (1)  could  be  foamed  in 
place  on  the  outside  of  the  tank,  (2)  would  not  require  any  strengthening  or  reinforcing 
to  prevent  cracking  and  splitting  when  chilled  to  liquid  hydrogen  temperature,  and  (3) 
would  have  a  thermal  conductivity  of  approximately  0.  015  watt  per  meter  per  K  (0.  0087 
Btu/(hr)(ft)(°R))  at  a  mean  temperature  of  135  K  (243  R), 

Three  0. 56-meter-  (22-in.  -)  diameter  aluminum  spherical  tanks  having  wall  thick¬ 
nesses  of  0.056  centimeter  (0.022  in.)  were  insulated  with  a  2. 54-centimeter-  (1.0-in.  -) 
thick,  rigid,  freon-blown,  polyurethane  foam  insulation  having  a  nominal  density  of 
32  kilogram's  per  meter^  (2  Ib/ft^) .  The  first  two  tanks  were  insulated  using  a  foaming- 
in-place  process  with  each  tank  suspended  within  a  cylindrical  mold.  The  third  tank  was 
insulated  with  a  foam  having  a  slightly  different  formulation  using  a  simplified  foaming- 
in-place  process  where  the  foam  constituents  were  poured  directly  on  the  tank  wall  and 
allowed  to  expand  in  a  radial  direction. 

Experimental  testing  conducted  on  the  foam  insulated  tanks  included  (1)  chilldown 
andboiloff  tests  to  determine  foam  temperature  profiles,  thermal  conductivity,  and 
structural  integrity  under  simulated  ground-hold  conditions,  (2)  vibratory  compressive 
tests  under  simulated  ground-hold  and  launch  conditions,  and  (3)  chilldown  tests  for 
simulated  space-hold  conditions  where  the  entire  foam  thickness  was  chilled  to  temper¬ 
atures  near  that  of  liquid  hydrogen  (21  K  or  37  R). 

The  initial  foaming -in-place  technique  utilizing  a  cylindrical  mold  produced  a  foam 
insulation  (1)  where  the  direction  of  foam  rise  relative  to  the  tank  wall  varied  from  the 
top  to  the  bottom  of  the  tank,  and  (2)  that  failed  structurally  under  both  ground-hold  and 
space-hold  test  conditions.  The  simplified  foaming -in-place  technique  in  which  the  foam 
constituents  were  poured  directly  on  the  tank  wall,  coupled  with  the  specific  foam  form¬ 
ulation,  produced  a  foam  insulation  having  (1)  the  direction  of  foam  rise  everywhere 


normal  to  the  tank  wall,  (2)  relatively  uniform  cell  size  and  structure,  and  (3)  relatively 
small  differences  in  the  thermophysical  properties  parallel  and  perpendicular  to  the 
direction  of  foam  rise.  This  foam  insulation  provided  the  desired  thermal  performance 
and  remained  structurally  intact  through  all  ground-hold,  vibratory,  and  space-hold 
tests  performed. 

In  addition,  thermophysical  properties  of  the  polyurethane  foam  were  obtained  from 
the  testing  of  small  samples.  These  results  were  incorporated  in  an  analytical  program 
to  predict  the  tangential  and  radial  thermal  stress  profiles  within  the  foam  insulation 
created  by  imposii^  temperature  gradients  across  the  layer  of  foam  typical  of  both 
ground-hold  and  space-hold  conditions. 


INTRODUCTION 

Lightweight  foam  insulation  has  been  proposed  and/or  utilized  as  a  component  of  the 
insulation  system  for  liquid  hydrogen  tanks  of  several  booster  or  space  vehicles.  A 
layer  of  foam  can  be  bonded  directly  on  the  inside  of  the  tank  wall  (e.  g. ,  the  Saturn 
S-IVB  stage  of  ref,  1)  or  on  the  outside  of  the  tank  wall  (e.g. ,  the  Saturn  S-II  stage  of 
ref.  2).  A  proposed  insulation  system  for  the  Centaur  upper  stage  consisted  of  a  layer 
of  foam  encased  in  an  impermeable  vapor  barrier  prior  to  bonding  to  the  tank  wall 
(ref.  3).  For  space  vehicles  requiring  thermal  protection  for  longer  periods  of  time 
(greater  than  6  hr),  a  sublayer  of  sealed  foam  bonded  directly  to  the  tank  wall  may  be 
utilized  in  conjunction  with  a  multilayer  insulation  purged  with  gaseous  nitrogen  under 
ground-hold  conditions  (ref.  4). 

A  problem  area  common  to  all  insulation  systems  where  a  layer  of  foam  was  bonded 
directly  to  the  outside  of  the  liquid  hydrogen  tank  was  traced  to  the  relatively  large 
difference  in  the  coefficients  of  thermal  contraction  between  the  foam  and  the  metallic 
tank  wall.  The  greater  thermal  contraction  of  the  foam  insulation  generally  caused  it  to 
crack  or  split  when  the  tank  was  cooled  down  to  liquid  hydrogen  temperature  - 
approximately  21  K  or  37°  R  (e.g.,  ref,  5).  The  cracking  would,  in  turn,  allow  cryo- 
pumping  of  condensable  purge  gases  within  the  foam  and  could  cause  structural  degra¬ 
dation  of  the  foam  upon  a  subsequent  warmup  of  the  tank. 

The  type  of  foam  generally  proposed  for  use  with  liquid  hydrogen  tank  insulation 
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systems  was  a  32 -kilogram -per -meter  -  (2-lb/ft'’-)  density,  closed-cell,  rigid,  freon- 
blown,  polyurethane  foam  having  a  thermal  conductivity  of  approximately  0.015  watt 
per  meter  per  K  (0,  0087  Btu/ (hr)(ft)(°R))  at  a  mean  temperature  of  135  K  (243°  R). 
However,  because  of  problems  with  cracking  or  splitting,  the  foam  normally  had  to  be 
strengthened  or  reinforced  by  (1)  increasing  the  foam  density,  (2)  utilizing  a  plastic 
honeycomb,  or  (3)  adding  fiberglass  or  nylon  threads  either  selectively  or  randomly 
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oriented  in  the  foam.  The  use  of  any  of  these  techniques  of  structurally  reinforcir^  the 
foam  necessarily  increased  both  the  weight  and  the  thermal  conductivity  of  the  foam  in¬ 
sulation,  either  of  which  is  undesirable. 

The  objective  of  the  investigation  reported  herein  was  to  develop  and  test  a  32- 
kilogram -per-meter^-  (2-lb/ft^-)  density  polyurethane  foam  that  would  have  the  following 

properties: 

(1)  It  could  be  foamed  in  place  on  the  outside  of  a  liquid  hydrogen  tank  and  be  ma¬ 
chined  to  the  required  thickness, 

(2)  It  would  not  require  any  strengthening  or  reinforcii^  to  prevent  cracking  or  split¬ 
ting. 

(3)  It  would  have  a  thermal  conductivity  of  about  0.  015  watt  per  meter  per  K  (0.  0087 
Btu/(hr)(ft)(°R))  at  a  mean  temperature  of  135  K  (243°  R). 

g0yg];*ai  foam  formulations  were  investigated  and  two  were  selected  for  further  test¬ 
ing  on  the  basis  of  compressive  strength,  flow  properties,  and  cell  uniformity ,  The 
foams  were  poured  in  place  using  two  different  techniques  on  spherical  aluminum  tanks 
having  diameters  of  0.  56  meter  (22  in, )  and  wall  thicknesses  of  0,  056  centimeter  (0.  022 
in. ).  Experimental  tests  conducted  on  the  foam  insulation  included  the  following; 

(1)  Chilldown  and  boiloff  tests  under  simulated  "ground -hold"  conditions  to  determine 

foam  temperature  profiles,  thermal  conductivity,  and  structural  integrity  of  the 
foam 

(2)  Vibratory  compressive  tests  under  simulated  ground-hold  and  launch  conditions 

with  peak  loadings  up  to  21. 2x10^  newtons  per  meter^  (30.  8  Ib/in.  )  at  frequen¬ 
cies  up  to  30  hertz  to  again  demonstrate  structural  integrity 

(3)  Chilldown  tests  for  simulated  space-hold  conditions  where  the  entire  foam  thick¬ 

ness  was  chilled  to  temperatures  near  that  of  liquid  hydrogen  (21  K  or  37  R) 
to  further  demonstrate  structural  integrity  -  This  simulates  the  conditions  that 
might  be  imposed  during  space  hold  on  a  layer  of  foam  utilized  as  a  sublayer 
beneath  a  multilayer  insulation  system. 

In  addition,  thermophysical  properties  of  the  polyurethane  foam  were  obtained  from  the 
testing  of  small  samples.  These  results  were  incorporated  in  an  analytical  program 
to  predict  the  tangential  and  radial  thermal  stress  profiles  within  the  foam  layer  created 
by  imposing  temperature  gradients  across  the  layer  of  foam  insulation  typical  of  both 
ground- hold  and  space -hold  conditions. 


APPLICATION  OF  FOAM  AND  VAPOR  BARRIER 

A  total  of  three  thin -wall  spherical  tanks  were  fabricated  from  6061  aluminum;  each 
tank  had  a  diameter  of  0.  56  meter  (22.  0  in. )  and  a  wall  thickness  of  0.  056  centimeter 
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Figure  1.  -  Spherical  aluminum  test  tank  with  0,56-meter  (22.0-in.)  diameter. 

(0. 022  in.).  Prior  to  the  application  of  the  foam  insulation,  each  tank  was  primed  with 
a  0.0025-centimeter  (1-mil)  thickness  of  Goodyear  G-207  adhesive.  Each  tank  was 
also  instrumented  with  two  copper -constantan  thermocouples  and  four  stabilized  Armour 
D  foil  strain  gages  which  were  bonded  to  the  outside  of  the  tank  (fig.  1). 


Tanks  1  and  2 


The  first  two  spherical  tanks  were  insulated  in  a  like  manner  utilizing  the  foam  for¬ 
mulation  described  in  reference  3  and  noted  in  table  I.  The  foaming -in-place  technique 
was  as  follows. 

Upper  half  of  tank.  -  The  region  around  the  neck  between  the  annular  neck  plate  and 
the  tank  wall  was  prefoamed  and  trimmed  first.  The  tank  was  then  mounted  upside  down 
within  a  cylindrical  mold  and  held  secure  by  means  of  a  flange  (fig.  2(a)).  The  lower 
half  of  the  tank  was  masked  off,  and  the  tank  and  mold  were  preheated  to  322  K  (580°  R). 
The  foam  formulation  was  mixed  and  poured  in  liquid  form  directly  into  the  mold.  The 
foam  was  allowed  to  expand  and  set  at  322  K  (580°  R).  The  tank  was  then  removed,  and 
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Preformed  area  around  neck 
(a)  Foaming  upper  half  of  tank. 


^ - Foam  on  upper  half  of  tank  Orientation 


Figure  2.  -  Orientation  of  test  tank  in  cylindrical  mold  for  foaming  upper  and  lower  halves  of  tanks  1  and  2. 
(Arrows  indicate  direction  of  foam  rise.) 


the  foam  interface  between  the  insulation  on  the  upper  and  lower  halves  of  the  tank  was 
arbitrarily  machined  with  a  30*^  angle  between  a  normal  to  the  tank  wall  at  the  equator 
and  the  surface  of  the  interface  (fig,  2(b)).  The  interface  was  not  primed  with  any  adhe¬ 
sive  prior  to  applying  the  foam  insulation  on  the  lower  half  of  the  tank. 

Lower  half  of  tank.  -  The  tank  was  suspended  upright  from  above  the  cylindrical 
mold  (fig.  2(b)).  The  foam  was  then  applied  to  the  lower  half  of  the  tank  in  the  same 
manner  as  for  the  upper  half. 

The  tank  was  then  mounted  in  a  vertical  boring  mill  where  the  foam  insulation  was 
machined  to  a  layer  having  a  uniform  thickness  of  2.  54±0.  08  centimeters  (1.  0±0.  03  in, ). 
A  vapor  barrier  was  fabricated  from  a  laminate  of  mylar  and  aluminum  foil  (mylar/ 
aluminum/aluminum/mylar)  composed  of  0.  00127/ 0.  00076/ 0.  00076/ 0,  00127 -centimeter 
(0.  5/0.  3/0. 3/0.  5-mil)  layers.  The  laminate  was  stretch-formed  and  bonded  to  the  out¬ 
side  of  the  foam  layer  utilizing  a  small  number  of  gore  panels.  The  lap  joints  between 
gore  panels  of  the  vapor  barrier  were  additionally  sealed  with  a  laminate  doubler  strip. 
The  completed  tank  is  shown  in  figure  3,  The  average  foam  density  for  tank  1  was  29. 4 
kilograms  per  meter^  (1.  84  Ib/ft^);  for  tank  2,  it  was  32.  0  kilograms  per  meter^  (2,  00 
Ib/ft^). 
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Figure  3.  -  Completed  foam  insulated  tank  ■■  typical  of  tanks  1  ana  2. 

Tank  3 

Based  on  the  experimental  test  results  for  the  first  two  tanks,  the  foam  formulation 
for  the  third  spherical  tank  was  altered  slightly  to  provide  better  flow  properties,  higher 
compressive  strei^h,  and  more  uniform  cell  structure;  the  constituents  of  the  altered 
form  formulation  for  tank  3  are  noted  in  table  I.  The  foaming -in-place  technique  was  as 
follows. 

Upper  half  of  tank.  -  The  area  around  the  neck  of  the  tank  was  again  prefoamed,  and 
the  lower  half  of  the  tank  was  masked  off.  The  tank  was  then  preheated  to  322  K 
(580°  R),  The  foam  formulation  was  mixed  and  poured  in  liquid  form  by  hand  directly  on 
the  upper  half  of  the  tank  to  uniformly  wet  the  tank  wall  before  the  blowing  action  of  the 
foam  took  place.  The  foam  was  allowed  to  expand  radially  and  set  at  322  K  (580°  R). 

The  radial  expansion  of  the  foam  was  substantiated  by  noting  the  cellular  structure  of 
samples  taken  from  preliminary  pours  on  practice  tanks.  After  cooling,  the  foam  inter¬ 
face  between  the  insulation  on  the  upper  and  lower  halves  of  the  tank  was  machined. 

Foam  interface  angles  (angle  between  the  normal  to  the  tank  wall  at  the  equator  and  the 
surface  of  the  interface)  of  30°,  45°,  and  60°  were  investigated.  The  30°  angle  was 
found  to  produce  the  best  uniformity  in  cell  structure  of  the  foam  applied  on  the  lower 
half  of  the  tank  adjacent  to  the  interface.  The  interface  was  not  primed  with  any  adhe- 
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sive  prior  to  applying  the  foam  insulation  on  the  lower  half  of  the  tank. 

Lower  half  of  tank.  -  The  outside  surface  of  the  previously  applied  foam  insulation 
(except  for  the  interface)  was  masked  off  and  the  tank  was  inverted.  The  foam  insulation 
was  then  applied  in  the  same  manner  as  for  the  upper  half  of  the  tank. 

The  thickness  of  the  radially  expanded  foam  insulation  obtained  varied  between 
4  and  4^  centimeters  (l|-  and  1^  in. ).  Therefore,  the  tank  was  again  placed  in  the  ver¬ 
tical  boring  mill  where  the  insulation  was  machined  to  a  uniform  thickness  of  2.  54±0.  08 
centimeters  (1.  0±0.  03  in. ).  Prior  to  the  application  of  the  vapor  barrier,  a  two-way 
stretch  nylon  fabric  was  bonded  to  the  entire  foam  surface.  The  purpose  of  this  fabric 
was  to  provide  a  bleeder  ply  to  (1)  vent  any  gas  permeating  or  leaking  through  the  vapor 
barrier  to  a  vacuum/vent  tube  and  (2)  increase  the  radius  of  curvature  of  any  wrinkles 
forming  in  the  vapor  barrier.  The  vapor  barrier  itself  was  fabricated  in  a  manner 
identical  to  that  of  the  first  two  insulated  tanks  described  previously.  A  vacuum/vent 
tube  was  installed  in  the  vapor  barrier,  and  the  vapor  barrier  was  subsequently  helium 
leak  checked  to  ensure  a  relatively  gas  tight  barrier.  (A  pressure  less  than  0. 1  micron 
could  be  maintained  behind  the  vapor  barrier  with  no  indication  of  a  leak  when  the  outside 
of  the  vapor  barrier  was  sprayed  with  gaseous  helium. )  The  completed  tank  is  shown  in 
figure  4.  The  average  foam  density  was  34.  4  kilograms  per  meter  (2. 14  Ib/ft  ). 


Figure  4.  -  Completed  foam  insulated  tank  3. 


INSTRUMENTATION 


Tanks  1  and  2 

In  addition  to  the  two  thermocouples  and  four  Armour  D  foil  strain  gages  mounted  on 
the  tank  wall,  the  first  two  tanks  were  also  instrumented  with  two  patterns  of  five  copper- 
constantan  thermocouples  (utilizing  0. 0127 -centimeter-  (or  0. 005-in. -diam.  wire)),  each 
embedded  radially  in  the  foam  insulation,  to  determine  its  steady-state  temperature 
profile  (fig.  5).  For  these  two  tanks,  no  unusual  care  was  taken  to  (1)  provide  good 
thermal  contact  between  the  thermcouple  junctions  and  the  foam  insulation  or  (2)  reduce 


Figure  5.  -  Instrumentation  details  for  tanks  1  and  2. 


the  heat  leak  through  the  electrical  leads  to  the  thermocouple  junction.  Also,  two  hot- 
wire  liquid  level  sensors  were  mounted  on  the  fill  line  within  a  Stillwell  to  provide  indi¬ 
cations  of  liquid  level  within  the  tank  at  the  start  and  end  of  the  boiloff  tests. 

Tank  3 

Tank  3  was  instrumented  in  the  same  manner  as  the  first  two  tanks  with  the  excep- 
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Figure  6.  -  Instrumentation  details  for  tank  3. 


tion  of  the  thermocouple  configuration  and  pattern  (fig.  6).  For  the  third  tank,  the  thermo¬ 
couple  configuration  was  changed  to  (1)  provide  good  contact  between  the  thermocouple 
junction  and  the  foam  insulation  and  (2)  reduce  the  heat  leak  through  the  electrical  leads 
to  the  thermocouple  junction.  Each  thermocouple  (fig.  7)  consisted  of  a  0. 95-centimeter- 
(3/8-in.  -)  diameter  by  0.  025-centimeter-  (0.  01-in.  -)  thick  copper  disk  which  would 
(1)  provide  a  large  contact  area  with  the  foam  and  (2)  act  as  the  thermocouple  junction. 

The  0. 0127 -centimeter  (0.  005-in.  -)  teflon  insulated  thermocouple  wires  were  soldered 
to  the  copper  disk  to  form  the  thermocouple  junction.  The  thermocouple  wires  were  then 
wound  in  a  coil  on  a  teflon  mandrel  at  19.7  turns  per  centimeter -wire  to  the  desired 
thermocouple  penetration  depth.  The  wires  were  cemented  together  after  which  the 
teflon  mandrel  was  withdrawn.  When  installed  in  the  foam  insulation,  the  copper  disk 
and  wire  coil  were  cemented  in  a  flat-bottom  cylindrical  hole  drilled  to  the  proper  pene¬ 
tration  depth  in  the  foam.  The  interior  of  the  wire  coil  was  then  filled  with  a  cylindrical 
plug  of  foam  which  was  cemented  in  place. 
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—  Coil  wound  at  19.7  turns 
per  centimeter-wire 


Thermocouple 
penetration 
depth  I 


0. 95-Centimeter-  {3/8-in.  -)  diameter 
by  0. 025-centimeter  (0. 01-in. }  copper  disk 


Figure  7.  -  Thermocouple  configuration  for  tank  3. 


A  brief  calibration  of  this  thermocouple  configuration  was  conducted  using  liquid 
nitrogen  as  the  cold  sink.  The  test  thermocouple  was  mounted  in  a  10.  2-centimeter 
(4.0-in.)  square  block  of  polyurethane  foam  along  with  a  reference  thermocouple  and  a 

surface  thermocouple  (fig.  8).  The  penetration  depth  of  the  test  thermocouple  was  cho¬ 
sen  such  that  it  should  indicate  about  the  same  temperature  with  the  liquid  nitrogen  cold 
sink  as  the  2.22-centimeter-  (0.  88-in.  -)  penetration  depth  thermocouple  (the  thermo¬ 
couple  probe  most  deeply  penetrating  the  foam  insulation  and  indicating  the  lowest  tem¬ 
perature)  would  on  the  foam  insulated  liquid  hydrogen  tank.  The  reference  thermocouple 
consisted  of  a  copper-disk  thermocouple  junction  with  more  than  25.  4  centimeters 
(10  in. )  of  wires  spiral  wrapped  to  provide  a  near-zero  heat  leak  to  the  thermocouple 
junction.  This  type  of  thermocouple  could  not  be  utilized  directly  on  the  foam  insulated 
tank  because  its  large  diameter  (~2.  5  cm  or  1.  0  in. )  would  require  cuttii^  a  large  hole 
in  the  foam  insulation.  During  the  calibration,  the  foam  block  was  mounted  in  a  liquid 
nitrogen  Dewar  such  that  the  edge  effects  on  the  one -dimensional  temperature  profile  in 
the  block  were  minimized. 
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Figure  8.  -  Calibration  apparatus  for  test  thermocouple. 


EXPERIMENTAL  APPARATUS 
Chilldown  and  Boiloff  Tests 

The  chilldown  and  boiloff  test  apparatus  was  designed  to  simulate  ground-hold  tests 
of  the  foam  insulation  while  also  providing  a  means  to  (1)  chill  down  the  foam  insulated 
tank  at  varying  rates  and  (2)  determine  the  thermal  conductivity  of  the  insulation  by 
measuring  the  volumetric  flow  rate  of  the  boiloff  gas.  The  test  apparatus  is  shown  in 
figure  9. 

The  test  tank  was  installed  within  a  clear  plastic  box  so  that  the  insulation  could  be 
observed  throughout  a  test.  The  box  was  purged  with  dry  gaseous  nitrogen  to  prevent 
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Figure  9.  -  Variable  chilldown  rate  and  boiloff  apparatus. 


water  vapor  from  freezing  on  the  insulation.  Gaseous  hydrogen  flowing  into  the  test 
tank  from  an  ambient  temperature  supply  trailer  could  be  cooled  to  any  given  tempera¬ 
ture  down  to  approximately  70  K  (125°  R)  at  the  inlet  to  the  tank.  The  gas  temperature 
was  controlled  by  a  mixing  valve  which  varied  the  relative  amounts  of  gaseous  hydrogen 
flowing  through  and  bypassii^  a  liquid  hydrogen  heat  exchar^er.  The  mixing  valve 
could  be  operated  in  either  a  manual  or  automatic  mode  of  operation.  The  chilldown 
rate  of  the  foam  insulated  tank  could  then  be  controlled  by  manually  adjusting  the  set 
point  of  the  mixing  valve  controller.  Once  the  tank  was  chilled  down  to  70  K  (126°  R), 

it  was  filled  directly  from  a  liquid  hydrogen  Dewar. 

Once  the  temperature  profile  through  the  foam  insulation  had  stabilized  after  a 
liquid  hydrogen  fill,  the  tank  was  topped  off  and  then  locked  up  except  for  the  vent  line. 
The  boiloff  gas  was  vented  through  a  water  heat  exchanger  and  then  through  a  dry  gas 
meter  having  a  usable  range  of  0  to  0.425  cubic  meter  per  minute  (0  to  15  scfm).  A 
constant  tank  back-pressure  controller  was  not  needed  during  the  boiloff  tests  because 
of  the  relatively  large  heat  leak  into  the  tank.  The  thermal  conductivity  of  the  foam 
insulation  was  then  determined  from  the  volumetric  boiloff  rate  and  the  measured  bound¬ 
ary  temperatures  of  the  insulation. 


Vibration  Apparatus 

The  vibration  apparatus  was  designed  to  allow  a  vibratory  compressive  loading  to  be 
superimposed  upon  a  static  compressive  loading  of  the  foam  insulation  on  the  spherical 
tank.  The  compressive  loads  could  be  applied  to  the  foam  insulated  tank  either  at 
ambient  room  temperature  or  when  filled  with  liquid  hydrogen. 

The  apparatus  (fig.  10)  consisted  of  the  following: 

(1)  Annular-ring  and  circular  tank  supports  having  horizontal  cross-sectional  areas 

of  3. 63x10”^  meter^  (0. 391  ft^)  between  which  the  tank  was  mounted 

(2)  A  strain-gage -type  load  cell  to  determine  both  vibratory  and  static  compressive 

loads  imposed  upon  the  foam  insulation 

(3)  A  hydraulic  cylinder  and  piston  to  provide  static  and  vibratory  loads  up  to  7680 

newtons  (1730  lb)  at  frequencies  up  to  30  hertz 

(4)  Steel  frame  and  concrete  block 
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Space-Hold  Apparatus 

The  space-hold  environment  tests  were  conducted  in  an  existing  cylindrical  tank 
approximately  0. 76  meter  (30  in. )  in  diameter  and  2^  meters  (8  ft)  long  that  was  con¬ 
verted  to  vacuum  use.  Pressures  less  than  1  micron  could  be  maintained  within  the 
vacuum  tank.  For  the  more  severe  space-hold  tests,  the  foam  insulated  tank  was  placed 
in  a  liquid  hydrogen  cooled  shroud  0. 71  meter  (28  in. )  in  diameter  and  0.  76  meter 
(30  in. )  long  and/ or  insulated  with  aluminized  mylar  multilayer  insulation  to  impose  a 
low  temperature  throughout  the  foam  insulation. 
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RESULTS  AND  DISCUSSION 


Chilldown  and  Boiloff  Tests,  Tanks  1  and  2 

Tank  1.  -  The  first  foam  insulated  tank  was  subjected  to  one  chilldown  and  boiloff 
test  as  noted  in  table  11.  The  tank  was  chilled  down  from  ambient  room  temperature  at 
the  rate  of  1. 1  K  per  minute  (2°  R/min).  During  the  chilldown,  large  depressions 
appeared  in  the  foam  insulation  around  the  equator  of  the  tank  (fig.  11)  causing  severe 
wrinkling  of  the  vapor  barrier.  These  depressions  resulted  from  the  atmospheric 
pressure  loading  on  the  vapor  barrier  over  an  apparent  structural  failure  of  the  foam. 
The  subsequent  boiloff  test  indicated  a  thermal  conductivity  for  the  foam  insulation  of 
0.  015  watt  per  meter  per  K  (0.  0087  Btu/(hr)(ft)(°R))  at  a  mean  temperature  of  147  K 


Figure  11.  -  Indentation  in  foam  during  chilldown  ana  iiquio  nyarogen  til!  (tanK  i.i 

(264°  R)  which  met  the  original  specifications.  For  this  test,  the  average  measured 
temperature  of  the  outside  of  the  tank  wall  was  approximately  28  K  (50°  R).  The  wrin¬ 
kles  formed  in  the  vapor  barrier  while  the  tank  was  filled  with  liquid  hydrogen  created 
small  leaks  which  allowed  the  nitrogen  purge  gas  to  penetrate  behind  the  vapor  barrier 
in  several  areas  near  the  equator  of  the  tank.  During  the  warmup  of  the  tank  to  ambient 
room  temperature,  the  nitrogen  gas  expanded  and  created  several  large  blisters  in  the 
vapor  barrier.  A  period  of  several  hours  was  required  before  the  gas  pressure  forming 
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the  blisters  was  reduced  to  1  atmosphere  absolute  pressure.  The  large  depression  in  the 
foam,  however,  had  largely  disappeared  immediately  after  the  warmup  was  completed. 
The  vapor  barrier  was  subsequently  stripped  from  the  foam  insulation  near  the  equator  of 
the  tank;  however,  no  cracks  or  other  evidence  of  structural  failure  were  noted  on  the 
surface  of  the  foam.  Subsequent  cuts  into  the  foam  insulation  revealed  large  voids  in 
the  foam  adjacent  to  the  tank  wall  (fig.  12).  These  voids  extended  completely  around 
the  tank  just  below  the  equator.  In  addition,  many  small  voids  were  also  noted  in  the 
foam  adjacent  to  the  foam  interface  on  the  lower  half  of  the  tank.  All  of  the  voids  were 
apparently  created  during  the  application  of  the  insulation  to  the  lower  half  of  the  tank 
where  the  foam  (1)  had  a  direction  of  rise  parallel  to  the  tank  wall  and  (2)  had  to  change 
direction  of  flow  at  the  foam  interface  (fig.  2(b)). 

Tank  2.  -  A  total  of  five  chilldown  tests  of  varying  rates  and  four  boiloff  tests  were 
conducted  on  the  second  spherical  tank  (table  n).  During  all  five  chilldown  tests,  de¬ 
pressions  in  the  foam  around  the  equator  of  the  tank  were  again  noted.  These  depres¬ 
sions  again  caused  wrinkles  in  the  vapor  barrier  which  created  leaks.  During  each 
warmup,  the  gas  (which  had  leaked  through)  expanded  and  created  blisters  in  the  vapor 
barrier  which  became  progressively  worse  with  each  test.  At  the  end  of  test  4,  the 


Figure  12.  -  Typical  voids  in  foam  insulation  adjacent  to  tank  wali  (tank  1). 
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njylar-larnirLato  vapor  barrier  was  completely  removed,  and  the  outside  surface  of  the 
loam  was  painted  with  several  thin  coats  of  G-207  adhesive.  No  damage  or  structural 
degradation  of  the  G-207  adhesive  was  noted  after  ground-hold  test  5. 

The  measured  values  of  thermal  conductivity  averaged  to  0.  0146  watt  per  meter  per 
K  (0.  0085  Btu/(hr){ft)(°R))  at  a  mean  temperature  of  150  K  (270°  R);  no  measurable 
degradation  of  thermal  performance  due  to  (1)  increased  chilldown  rate  or  (2)  thermal 
cycling  was  noted  during  the  tests. 

Inspection  of  the  foam  insulation  after  all  tests  were  completed  again  revealed  nu¬ 
merous  voids  adjacent  to  the  tank  wall  around  the  equator  or  the  tank  similar  to  those 
noted  previously  for  tank  1. 


Space-Hold  Test,  Tank  2 

Two  simulated  space-hold  tests  of  the  second  foam  insulated  tank  were  conducted. 

For  the  first  test,  neither  aluminized  mylar  insulation  nor  the  liquid  hydrogen  cooled 
shroud  were  utilized.  The  G-207  adhesive  coating  apparently  provided  a  high  emissivity 
outer  surface,  and  the  foam  surface  temperature  was  reduced  to  only  234  K  (421°  R). 

The  foam  insulation  survived  intact. 

For  the  second  test,  multilayer  insulation  consisting  of  six  layers  of  single- 
aluminized  mylar  was  applied  over  the  foam  insulation  to  reduce  the  radiation  heat  trans¬ 
fer  to  the  tank.  The  final  foam  surface  temperature  achieved  during  this  test  is  not  known 
since  the  foam  insulation  cracked  and  severely  strained  or  severed  all  thermocouple 
leads,  A  post-test  inspection  revealed  numerous  hairline  cracks  in  the  G-207  adhesive 
coating  as  well  as  at  the  surface  of  the  foam  in  the  middle  half  of  the  tank  centering  about 
the  equator.  Because  of  the  damage  to  the  foam  insulation,  no  further  tests  (space  hold 
or  vibration)  were  conducted. 


Foam  Insulation  Improvements,  Tank  3 

The  pol5airethane  foam  formulation  and  technique  of  application  were  changed  for 
the  third  spherical  tank  in  an  effort  to  overcome  problem  areas  noted  during  tests  of  the 
first  two  foam  insulated  tanks.  These  problem  areas  and  potential  solutions  are  noted 
as  follows. 

Elimination  of  voids  adjacent  to  tank  wall.  -  The  method  of  application  of  the  foam 
on  the  tank  was  changed  to  allow  the  constituents  of  the  foam  formulation  to  be  poured 
directly  onto  one-half  of  the  tank  at  a  time.  More  than  two  dozen  tests  conducted  utilizing 
four  different  foam  formulations,  wherein  the  foam  constituents  were  poured  directly  on 
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rubber  balloons  of  about  the  same  size  as  the  aluminum  tanks,  indicated  that  (1)  the  tank 
wall  could  be  uniformly  wetted  by  the  constituents  and  (2)  the  resulting  layer  of  foam  was 
of  relatively  uniform  cell  size  and  structure  and  contained  no  voids  within  the  layer.  The 
specific  foam  formulation  chosen  for  tank  3  (table  I)  possessed  the  highest  compressive 
strength  normal  to  the  tank  wall  based  on  room  temperature  tests. 

Elimination  of  voids  adjacent  to  split  line.  -  Tests  were  conducted  wherein  the  foam 
interface  angle  at  the  equator  of  the  tank  between  the  insulation  applied  to  the  upper  and 
lower  halves  of  the  tank  was  varied  (30°,  45°,  and  60°).  The  30°  interface  angle,  com¬ 
bined  with  the  new  application  technique  and  slightly  improved  flow  properties  of  the  foam 
formulation,  produced  only  slight  irregularities  in  the  cell  size  or  structure  in  the  foam 
layer  applied  to  the  lower  half  of  the  tank  adjacent  to  the  split  line. 

Elimination  of  leaks  in  vapor  barrier.  -  It  was  anticipated  that  the  elimination  of  (1) 
voids  within  the  foam  and  (2)  irregularities  in  the  surface  of  the  foam  (more  uniform  cell 
size  and  structure)  would  remove  the  cause  of  the  wrinkles  in  the  vapor  barrier  which 
ultimately  created  the  gas  leakage  for  the  first  two  tanks,  hi  the  event  that  this  problem 
did  recur,  however,  a  two-way  stretch  nylon  cloth  was  bonded  to  the  foam  layer  under¬ 
neath  the  vapor  barrier  on  tank  3  and  a  vacuum/vent  tube  was  installed  on  the  vapor 
barrier  (fig.  4).  The  nylon  cloth  "bleeder  ply"  allowed  any  gas  trapped  underneath  the 
vapor  barrier  to  be  vented  around  the  tank  to  the  vacuum/vent  tap.  The  vapor  barrier 
was  helium  leak  checked  after  fabrication  to  ensure  that  all  leaks  were  sealed.  (A  pres¬ 
sure  less  than  0. 1  micron  could  be  maintained  behind  the  vapor  barrier  with  no  indication 
of  a  leak  when  the  outside  of  the  vapor  barrier  was  sprayed  with  gaseous  helium. )  During 
thermal  tests,  the  vacuum/vent  tube  would  normally  be  sealed.  However,  if  leaks  did 
develop  in  the  vapor  barrier,  the  gas  could  be  vented  during  the  warmup  of  the  tank.  Or, 
alternately,  the  space  beneath  the  vapor  barrier  could  be  pumped  on  with  a  vacuum  pump 
during  a  thermal  test. 

Improvement  in  measurement  of  foam  insulation  temperature  profiles.  -  During  the 
chilldown  and  boiloff  tests  conducted  on  the  first  two  tanks,  it  was  noted  that  the  mea¬ 
sured  temperatures  within  the  foam  insulation  were  considerably  higher  than  anticipated. 
This  was  caused  by  the  method  of  installation  of  the  thermocouples.  Since  it  was  unde¬ 
sirable  to  use  a  large  diameter  plug  in  order  to  install  the  thermocouple  lead  wires  iso- 
thermally  within  the  foam  insulation,  a  new  thermocouple  configuration  shown  in  figure  7 
was  utilized.  This  thermocouple  configuration  provided  (1)  a  large  contact  area  with  the 
foam  insulation  and  (2)  potentially  low  heat  leaks  through  the  thermocouple  leads,  both 
of  which  were  deficiencies  in  the  thermocouple  installation  on  the  first  two  tanks.  In 
addition,  this  thermocouple  configuration  could  still  be  installed  within  the  foam  layer 
without  thermally  or  structurally  degrading  a  large  area  of  the  foam  insulation. 

A  calibration  test  of  the  new  thermocouple  configuration  was  conducted  with  liquid 
nitrogen  utilizing  the  test  configuration  shown  in  figure  8.  The  average  foam  tempera- 
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tures  measured  over  a  1/2-hour  period  of  steady-state  operation  during  this  calibration 
were  as  follows;  (1)  surface  temperature:  273. 2  K  (491.  8°  R),  (2)  test  thermocouple; 
116.3  K  (209.3*^  R),  and  (3)  reference  thermocouple:  107.  1  K  (192.  8  R).  None  of  the 
measured  temperatures  varied  by  more  than  ±1. 7  K  (±3°  R)  during  the  half  hour  period. 

The  temperature  measured  by  the  test  thermocouple  configuration  was  then  corrected 

to  agree  with  that  measured  by  the  reference  thermocouple  by  means  of  the  following 
equation  (Symbols  are  defined  in  appendix  A. ); 


where  g  is  the  required  thermal  resistance  between  the  thermocouple  junction  disk  and 
the  foam  insulation  necessary  to  make  the  temperature  correction  and  g^  is  the  thermal 
resistance  of  the  thermocouple  wires.  If  it  is  assumed  that  the  value  of  g  remains 
constant  and  that  the  value  of  g^  is  dependent  only  upon  the  length  of  the  thermcouple 
wires,  then  the  resistance  ratios  g/gr^  can  be  easily  calculated  for  thermcouples  having 
any  given  penetration  depth.  This  assumption  is  generally  valid  since  the  thermal  con¬ 
ductivity  of  both  the  copper  and  constantan  thermocouple  wires  varies  only  slightly  for 
temperatures  above  111  K  (200®  R).  The  values  of  the  resistance  ratio  used  for  this 
investigation  are  noted  in  table  m. 


Chilldown  and  Boiloff  Tests,  Tank  3 


The  third  foam  insulated  tank  was  subjected  to  three  chilldown  tests  of  varying  rates 
and  three  boiloff  tests  as  noted  in  table  H.  The  corrected  measured-temperature  pro¬ 
files  through  the  foam  insulation  on  the  top  and  bottom  halves  of  the  tank  are  shown  in 
figure  13  for  test  1.  The  tank  wall  was  chilled  down  at  the  rate  of  2. 23  K  per  minute 
(4.  01®  R/min)  which  was  followed  by  a  78-minute  hold  period  to  ensure  that  the  temper¬ 
ature  profile  through  the  foam  insulation  had  reached  steady  state.  A  boiloff  test  in 
which  the  volumetric  boiloff  rate  was  measured  to  determine  the  thermal  conductivity  of 
the  foam  insulation  then  followed.  The  large  temperature  difference  of  the  tank  wall 
between  the  top  and  bottom  of  the  tank  during  the  latter  part  of  the  boiloff  test  indicated 
that  the  boiloff  rate  would  be  a  function  of  liquid  level  in  the  tank  (as  was  expected  and 
noted  for  all  boiloff  tests). 
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Figure  14.  -  Boiloff  test  results  for  tank  3. 

The  boiloff  test  results  for  tank  3  (which  are  typical  of  all  boiloff  tests  conducted) 
are  shown  in  figure  14  where  the  boiloff  rate  has  been  converted  to  the  resultant  total 
heat  input  and  plotted  as  a  function  of  the  wetted  tank  wall  area.  The  effective  thermal 
conductivity  of  a  given  layer  of  foam  insulation  is  then  determined  from  the  heat  con¬ 
duction  equation  (ref.  3)  for  a  spherical  shell 


(2) 

where  AQ/AA  is  determined  from  the  slope  of  the  boiloff  curve  and  adjusted  to  corre¬ 
spond  to  the  mean  area  of  the  layer  of  foam  insulation  being  considered.  For  application 
to  a  real  system  (i.  e. ,  when  calculating  the  heat  leak  into  an  actual  flight-weight  liquid 
hydrogen  tank  under  relatively  high  heat  flux  (ground-hold)  conditions),  only  the  area  of 
the  tank  wetted  by  the  propellant  should  be  used. 

The  values  of  thermal  conductivity  of  the  foam  insulation  obtained  from  the  boiloff 
tests  of  tank  3  (as  well  as  the  first  two  tanks)  are  shown  in  figure  15  (and  also  table  II) 
and  compared  with  values  given  in  previously  published  literature  (private  communi¬ 
cation  from  E.  I.  duPont  de  Nemours  &  Co.  and  refs.  6  and  7).  The  average  overall 
thermal  conductivity  for  tank  3  was  0.  0137  watt  per  meter  per  K  (0.  0079  Btu/ ^r)(ft)(°R)) 
at  a  mean  temperature  of  135  K  (243*^  R)  which  again  was  better  than  the  original  spec¬ 
ifications.  Values  of  thermal  conductivity  as  a  function  of  mean  temperature  were  also 
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Figure  15.  -  Thermal  conductivity  of  rigid  polyurethane  foam  insulation. 

calculated  from  the  foam  insulation  temperature  profiles  for  tank  3,  test  1  at  the  start 
of  the  boiloff  test  (test  time  -  191  min).  The  experimentally  determined  values  of 
thermal  conductivity  generally  agree  quite  well  with  previously  published  data. 

Only  a  very  slight  depression  in  the  foam  located  at  the  foam  interface  around  the 
equator  of  the  tank  was  noted  during  tests  1  to  3  for  tank  3.  Even  this  slight  depression 
could  have  been  prevented  by  backing  up  the  vapor  barrier  with  a  heavier  strip  of  mylar 
film  in  the  vicinity  of  the  interface.  No  other  structural  degradation  of  any  kind  could  be 
attributed  to  the  thermal  cycling.  During  each  of  the  first  three  tests,  the  underside  of 
the  vapor  barrier  was  (1)  partially  evacuated  prior  to  the  chilldown  test  and  (2)  vented  to 
the  atmosphere  during  the  latter  part  of  the  warmup  after  completion  of  the  boiloff  test 
to  prevent  any  possible  blistering  of  the  vapor  barrier. 

Vibration  Tests,  Tank  3 

Vibration  tests  were  conducted  with  the  third  spherical  tank  to  further  demonstrate 
the  structural  integrity  of  the  foam  insulation  and  also  to  simulate  a  possible  space 
vehicle  configuration  where  the  support  loads  for  the  liquid  hydrogen  tank  would  be  trans- 
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mitted  entirely  through  the  foam  insulation  without  any  other  means  of  tank  support.  The 
tests  were  conducted  with  the  tank  pressurized  to  about  2.  4xl0^-newtons-per -meter  - 
gage  (35-psig)  pressure  at  both  ambient  room  temperature  and  with  the  tank  filled  with 
liquid  hydrogen.  During  the  test,  the  tank  was  first  statically  loaded  to  approximately 
1.  03x10^  newtons  per  meter^  (15  psi)  over  the  area  of  the  support  plates  to  simulate  the 
launch  vehicle  boost  loadii^.  Then  various  vibratory  loads  at  frequencies  from  4.  97  to 
30.  56  hertz  were  superimposed  upon  the  static  load  (fig.  16)  to  simulate,  to  some  degree, 
the  vibrational  loadings  which  might  be  present  in  the  launch  vehicle  during  the  boost 


Figure  16.  -  Loading  of  foam  insulated  tank  for  vibration  tests. 


phase  of  the  flight.  The  total  test  time  under  vibratory  loads  was  17.  8  minutes  at  am¬ 
bient  temperature  and  14.  8  minutes  when  the  tank  was  filled  with  liquid  hydrogen.  The 
test  conditions  are  noted  in  table  IV. 

No  cracking  or  structural  degradation  occurred  to  the  foam  during  this  period  of 
testing  except  for  the  final  static  deflection  (or  set)  in  the  foam  around  the  bottom  of  the 
tank  above  the  circular  support  plate  (table  IV).  The  final  static  deflection  of  0.  312  cen¬ 
timeter  (0. 123  in. )  noted  immediately  after  the  tests  were  completed  probably  would  have 
been  smaller  if  the  vibratory  loadings  had  not  inadvertently  been  increased  far  above  the 
desired  value  of  1,  03x10°  newtons  per  meter  (15  psi)  three  times  during  the  test.  The 
deflection,  however,  had  largely  disappeared  by  the  day  following  the  warmup  of  the  tank. 
No  depression  or  set  in  the  foam  on  the  top  of  the  tank  under  the  annular  support  ring 
was  observed  at  any  time. 

From  these  preliminary  tests,  it  appears  that  a  foam  insulation  would  be  capable  of 
supportii^  a  liquid  hydrogen  tank  in  this  manner  durii^  booster  launch  conditions. 
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Space-Hold  Tests,  Tank  3 


The  third  foam  insulated  tank  was  subjected  to  three  simulated  space-hold  tests  of 
increasing  severity  (decreasing  surface  temperature)  as  noted  in  table  n.  The  foam 
insulation  temperature  profile  for  test  7  (the  final  test)  is  shown  in  figure  17.  The  tem¬ 
perature  varied  from  24  to  44  K  (43°  to  79°  R)  on  the  upper  half  of  the  tank  and  23  to  53  K 
(41°  to  95°  R)  on  the  lower  half  of  the  tank  near  the  end  of  the  test  (the  variation  in  tem¬ 
perature  profiles  is  due  to  the  circulation  pattern  of  the  hydrogen  in  the  shroud).  Sub¬ 
sequent  stripping  of  the  vapor  barrier  and  visual  inspection  of  the  foam  indicated  no 
cracks,  voids,  or  other  structural  degradation  of  the  foam  insulation  due  to  the  space - 
hold  test  or  any  of  the  previous  tests  except  for  the  foam  at  the  bottom  of  the  tank  which 
felt  slightly  "spoi^y”  (a  result  of  the  vibration  test). 

If  this  foam  insulation  had  been  used  on  a  liquid  hydrogen  tank  as  a  sublayer  under¬ 
neath  a  nitrogen  purged  multilayer  insulation,  for  example,  it  would  have  remained 
structurally  intact  and  would  have  withstood  the  repeated  thermal  cycles  under  ground- 
hold  and  space-hold  conditions  that  would  be  necessary  during  thermal  tests  and  eval¬ 
uation  of  the  insulation  system. 


Foam  Sample  Testing 

Foam  samples  obtained  for  each  of  the  three  spherical  tanks  were  used  to  determine 
the  following  thermophysical  properties  (appendix  B): 

(1)  Compressive  yield  strength  and  modulus  of  elasticity 

(2)  Tensile  yield  strength  and  modulus  of  elasticity 

(3)  Shear  modulus  of  elasticity 

(4)  Thermal  contraction 

The  results  indicated  that  the  thermophysical  properties  of  the  foam  insulation  on 
tank  3  tended  to  be  more  uniform  between  the  orientations  parallel  and  perpendicular  to 
the  direction  of  foam  rise  when  compared  to  that  for  the  first  two  tanks.  This  trend, 
coupled  with  the  foaming-in-place  technique,  is  believed  to  be  responsible  for  the 
improved  structural  integrity  of  the  foam  insulation  on  tank  3  throughout  all  of  the  ex¬ 
perimental  testing. 


Predicted  Thermal  Stress  Profiles  Within  the  Foam  Insulation 

The  radial  and  tangential  thermal  stress  profiles  in  the  layer  of  foam  insulation  were 
calculated  using  the  equations  presented  in  reference  8  for  concentric  spherical  shells 
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(appendix  C).  Stress  profiles  were  calculated  utilizing  the  foam  properties  and  temper¬ 
ature  profiles  (tests  1  and  7)  obtained  for  tank  3.  In  addition,  stress  profiles  were 
calculated  for  a  single  generalized  temperature  profile  imposed  on  foam  insulation  layers 
of  varying  thickness  on  an  assumed  3.  05-meter-  (10-ft-)  diameter  tank  to  indicate  the 
effect  of  tank  size  and  insulation  thickness. 

The  results  indicated  that  the  stresses  were  generally  more  severe  for  space-hold 
conditions  than  for  ground-hold  conditions,  but  that  the  stresses  were  well  below  the 
yield  strength  noted  in  the  foam  sample  tests  in  all  cases.  In  addition,  the  results 
indicated  the  followii^,  for  the  same  generalized  temperature  profile; 

(1)  The  stress  profiles  are  the  same  for  different  sized  tanks  having  the  same  foam 
thickness  to  tank  diameter  ratios  t/D. 

(2)  The  radial  stress  profile  decreased  as  the  t/D  ratio  decreased, 

(3)  The  tangential  stress  profile  increased  slightly  as  the  t/D  ratio  decreased. 

The  strain  gages  mounted  on  the  tank  wall  were  to  have  been  used  in  an  attempt  to 

measure  the  radial  compressive  stress  at  the  tank  wall -foam  interface.  In  order  to  do 
this,  the  strain  gages  were  carefully  calibrated  prior  to  the  foam  application  to  obtain 
the  gage  factor  and  calibration  curves  of  apparent  thermal  strain  (ref,  9).  However, 
the  resultir^  radial  compressive  stresses  were  so  small  that  they  could  not  be  measured 
with  sufficient  accuracy;  therefore,  these  results  are  not  presented  in  this  report. 


SUMMARY  OF  RESULTS 

Three  thin  wall,  0.  56-meter-  (22-in.  -)  diameter  aluminum  spherical  tanks  were 
insulated  with  2.  54- centimeter-  (1.  0-in.  -)  thick,  rigid,  freon-blown,  polyurethane  foam 
insulation  and  tested  utilizing  liquid  hydrogen  as  the  cryogenic  test  fluid.  The  first  two 
tanks  were  insulated  using  a  foaming -in -place  process  with  each  tank  suspended  within 
a  cylindrical  mold.  The  third  tank  was  insulated  with  a  slightly  different  foam  formula¬ 
tion  using  a  simple  foaming -in -place  process  where  the  foam  constituents  were  poured 
directly  on  the  tank  wall  and  allowed  to  expand  in  a  radial  direction.  Experimental  tests 
conducted  included  simulated  ground-hold,  vibration  loading,  and  space-hold  tests  to 
determine  the  thermal  performance  and  structural  integrity  of  the  foam  insulation.  In 
addition,  small  foam  samples  were  tested  to  determine  thermophysical  properties.  The 
test  results  may  be  summarized  as  follows: 

1.  The  foaming -in -place  technique  (tanks  1  and  2)  utilizing  a  cylindrical  mold  pro¬ 
duced  a  foam  insulation  having  many  large  voids  at  the  tank  wall -foam  interface  near  the 
equator  of  the  tank.  These  voids,  occurring  within  the  insulation  applied  to  the  second 
(lower)  half  of  the  tank,  were  apparently  created  during  the  application  of  the  insulation 
where  the  foam  (1)  had  a  direction  of  rise  parallel  to  the  tank  wall  and  (2)  had  to  change 
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direction  of  flow  at  the  foam  interface.  In  addition,  this  foaming -in -place  technique, 
coupled  with  the  specific  foam  formulation,  produced  a  foam  having  relatively  large 
differences  in  the  thermophysical  properties  parallel  and  perpendicular  to  the  direction 
of  foam  rise.  While  this  method  of  insulating  liquid  hydrogen  was  adequate  for  ground- 
hold  testing  using  just  foam  insulation  (even  with  the  voids  in  the  foam  adjacent  to  the 
tank  wall),  the  foam  cracked  during  a  simulated  space-hold  test  and  might  not  have  been 
adequate  for  a  ground -hold  test  where  the  foam  was  used  as  a  sublayer  beneath  a  nitrogen 
purged  multilayer  insulation. 

2.  The  foaming -in -place  technique  (tank  3)  in  which  the  foam  constituents  were 
poured  directly  onto  the  tank  produced  a  foam  insulation  having  relatively  good  uniformity 
and  with  the  direction  of  foam  rise  everywhere  normal  to  the  tank  wall.  This  foaming- 
in -place  technique,  coupled  with  the  specific  foam  formulation,  produced  a  foam  having 
relatively  small  differences  in  thermophysical  properties  parallel  and  perpendicular  to 
the  direction  of  foam  rise.  The  foam  remained  structurally  intact  through  all  ground- 
hold,  vibration,  and  space -hold  tests. 

3.  The  measured  overall  thermal  conductivity  of  the  foam  insulation  varied  between 
0.  0137  and  0. 0165  watt  per  meter  per  K  (0.  0079  and  0.  0095  Btu/ (hr)(ft)(°R))  for  mean 
temperatures  of  135°  to  150°  R  (243  to  270  K),  Experimentally  determined  values  of 
thermal  conductivity  as  a  function  of  temperature  showed  good  agreement  with  previously 
published  data. 

4.  The  structural  integrity  of  the  foam  insulation  was  not  affected  by  the  chilldown 
rate  over  a  range  of  1. 1  to  47.  0  K  per  minute  (2.  0°  to  84. 6°  R/min)  durii^  a  liquid 
hydrogen  fill. 

5.  The  foam  insulation  had  sufficient  strength  to  support  a  liquid  hydrogen  tank 
under  simulated  booster  launch  conditions  (maximum  compressive  loadings  of  2. 12x10 
N/m^  or  30. 8  psi)  and  vibratory  frequencies  up  to  30  hertz  when  tank  was  at  ambient 
room  temperature  or  when  filled  with  liquid  hydrogen. 

6.  Since  a  mylar -aluminum  laminate  vapor  barrier  is  prone  to  develop  leaks  where 
wrinkles  may  be  formed  at  irregularities  in  the  foam  surface,  the  use  of  a  nylon-backed, 
vented  vapor  barrier  is  desirable  to  prevent  blisters  from  forming  during  warmup  after 
repeated  liquid  hydrogen  fills  and/or  test  cycles.  In  addition,  the  use  of  a  heavy  mylar 
strip  under  the  vapor  barrier  over  known  or  expected  locations  of  surface  irregularities 
in  the  foam  would  help  to  prevent  wrinkles  from  forming  in  the  vapor  barrier. 

7.  When  isothermal  thermocouple  leads  cannot  be  utilized  in  the  measurement  of 
foam  insulation  temperature  profiles,  the  use  of  small  diameter  leads  wrapped  in  a  coil 
in  conjunction  with  a  disk-type  thermocouple  junction  to  the  foam  generally  appears  to  be 
adequate  if  initially  calibrated  with  a  reference. 

8.  Thermophysical  properties  of  the  rigid  polyurethane  foam  were  obtained  from 
tests  conducted  on  small  samples.  The  variations  of  compressive  yield  strength  and 
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modulus  of  elasticity,  tensile  yield  strength  and  modulus  of  elasticity,  shear  modulus  of 
elasticity,  and  thermal  contraction  generally  compared  favorably  with  results  obtained 
earlier.  The  fact  that  the  foam  insulation  for  tank  3  remained  structurally  intact 
throughout  the  thermal  tests  is  believed  to  be  due  primarily  to  the  combination  of  (1)  the 
relatively  small  difference  in  thermophysical  properties  (particularly  thermal  contrac¬ 
tion)  parallel  and  perpendicular  to  the  direction  of  foam  rise  and  (2)  the  foaming -in-place 
technique. 

9.  Prediction  of  the  foam  radial  and  tangential  stress  profiles  for  varying  tempera¬ 
ture  profiles  encountered  during  ground-hold  and  space-hold  conditions  indicated  that  the 
thermal  stresses  were  well  below  the  yield  strength  of  the  foam  at  all  times.  Values  of 
radial  and  tangential  stresses  for  a  given  generalized  temperature  profile  were  deter¬ 
mined  to  be  independent  of  tank  size  for  a  given  value  of  foam  insulation  thickness  to  tank 
diameter  ratio.  Decreases  in  the  foam  thickness  to  tank  diameter  ratio,  for  the  same 
generalized  temperature  profile,  indicated  that  (1)  the  radial  compressives  stresses  also 
decreased  and  (2)  the  tangential  tensile  stresses  increased  very  slightly. 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  November  7,  1968, 

180-31-08-06-22. 


28 


APPENDIX  A 
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SYMBOLS 


mean  area  of  concentric  layer, 

n  0 

T 

temperature,  K;  °R 

4irRj^Hn+p  ft'^ 

Tc 

corrected  temperature  of  foam 

wetted  tank  wall  area,  m^;  ft^ 

insulation,  K;  °R 

2 

modulus  of  elasticity,  N/m  ,  psi 

measured  temperature  of  foam 

thermal  resistance  of  glue  joint 

insulation,  K;  °R 

between  thermocouple  disk 

Tr 

strain  free  reference  temperature 

junction  and  foam  insulation. 

of  foam  insulation,  K;  °R 

K/W;  (hr)(°R)/Btu 

Ts 

surface  temperature  of  foam 

thermal  resistance  of  thermcouple 

insulation,  K;  °R 

leads,  K/W;  (hr)(°R)/Btu 

T 

w 

temperature  of  tank  wall,  K;  °R 

thermal  conductivity,  W/(m)(K); 

t 

thickness  of  foam  insulation,  m; 

Btu/(hr)(ft)(°R) 

ft 

length  of  foam  sample,  cm;  in. 

X 

distance  from  tank  wall,  m;  ft 

number  of  concentric  layers 

constants 

plus  1 

Y,z/ 

concentric  layer  (n  =  1,2,3,...) 

a 

coefficient  of  thermal  contraction. 

interface  pressure  between  two 

m/(m)(K);  in. /(in.)(°R) 

adjacent  concentric  layers, 

o 

2 

radial  stress,  N/m  ;  psi 

N/m'^;  psi 

r 

-r  /  2 

V 

tangential  stress,  N/m  ;  psi 

heat  input  rate,  W;  Btu/hr 

Poisson’s  ratio 

radius  of  surface  of  concentric 
layer,  m;  ft 


mean  radius  of  concentric  layer, 
m;  ft 
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APPENDIX  B 


FOAM  SAMPLE  TESTS 

For  the  first  two  spherical  tanks,  foam  samples  were  taken  from  the  excess  foam 
cut  away  from  the  top  and  bottom  halves  of  the  insulation  approximately  45°  above  and 
below  the  equator  of  the  tanks.  The  samples,  oriented  both  parallel  and  perpendicular 
to  the  direction  of  foam  rise  (fig.  2(b)),  were  approximately  2.  5  by  2.  5  by  7.  6  centime¬ 
ters  (1  by  1  by  3  in. )  in  size. 

The  foam  samples  for  tank  3  were  taken  from  a  spare  0.  56 -meter-  (22 -in.  -)  diam¬ 
eter  tank  that  was  foamed  at  the  same  time  as  the  test  tank  under  the  same  conditions. 
The  size  of  the  foam  samples  obtained  depended  upon  the  sample  orientation  to  the  direc¬ 
tion  of  foam  rise;  that  is, 

(1)  2.  5-  by  2.  5-  by  2,  5-centimeter-  (1-  by  1-  by  1-in.  -)  samples  for  orientations 

parallel  to  the  direction  of  foam  rise 

(2)  2.  5-  by  2,  5-  by  7.  6-centimeter-  (1-  by  1-  by  3-in.  -)  samples  for  orientations 

perpendicular  to  the  direction  of  foam  rise 


Apparatus 

Tensile  and  compression  tests.  -  Standard  laboratory  precision  hydraulic  testing 
machines  were  utilized  for  all  tensile  and  compressive  tests  of  foam  samples.  For  all 
tests  except  those  conducted  at  liquid  hydrogen  temperatures,  a  testing  machine  havinc 
a  0-  to  2220-newton  (0-  to  500-lb)  range  (overall  accuracy,  ±0.  5  percent  of  full  scale)  was 
used.  A  specially  modified  testing  machine  having  a  0-  to  222-newton  (0-  to  50-lb)  range 
(overall  accuracy  ±0.  5  percent  of  full  scale)  was  utilized  for  all  tests  conducted  at  liquid 
hydrogen  temperature. 

Shear  modulus  tests.  -  The  foam  samples  were  mounted  on  a  fixed  base  and  sub¬ 
jected  to  a  torque  by  means  of  a  precalibrated  wire  shaft  which  was  carefully  alined  with 
the  centerline  of  the  sample.  Since  the  shear  modulus  of  the  wire  shaft  was  known,  the 
shear  modulus  of  the  foam  could  then  be  determined  by  noting  the  relative  angular  rota¬ 
tion  between  the  foam  sample  and  the  wire  shaft  when  subjected  to  a  torque. 

Thermal  contraction  tests.  -  The  base  of  the  foam  sample  was  held  fixed  while  the 
movement  (thermal  contraction)  of  the  top  of  the  sample  was  determined  by  means  of  a 
dial  indicator. 

The  foam  sample  for  each  of  the  tests  noted  previously  was  bonded  between  mounting 
blocks  (either  aluminum  or  plastic)  with  an  adhesive  suitable  for  the  temperatures  at 
which  each  specific  test  was  conducted.  To  obtain  temperatures  below  ambient  room 
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temperature,  the  sample  was  mounted  in  the  test  fixture  and  enclosed  by  a  small  cylin¬ 
drical  tank.  The  sample  was  then  immersed  in  a  fluid,  and  the  temperature  of  the  sam¬ 
ple  was  determined  from  the  following: 

(1)  Temperatures  of  liquid  hydrogen  and  liquid  nitrogen  for  saturated  conditions  at 

atmospheric  pressure 

(2)  Temperature  of  alcohol  with  and  without  dry  ice  as  measured  by  a  mercury 

thermometer 


Test  Results 

Compression  tests.  -  The  results  indicated  that  the  yield  strength  (fig.  18)  and 
modulus  of  elasticity  (fig.  19)  were  greater  in  the  direction  parallel  to  the  foam  rise 
and  that  the  strength  and  modulus  generally  increased  with  decreasing  temperature.  The 
results  generally  agree  with  the  data  presented  in  reference  10.  The  faired  curves 
indicate  the  trends  which  were  utilized  in  the  computer  program  to  predict  the  thermal 
stresses  in  the  foam  insulation  on  tank  3. 
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Figure  18.  -  Compressive  yield  strength. 
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Compressive  modi 


Tension  tests.  -  The  results  indicated  that  the  yield  strength  (fig.  20)  and  modulus 
of  elasticity  (fig.  21)  were  again  greater  in  the  direction  parallel  to  the  foam  rise.  The 
yield  strength  decreased,  while  the  modulus  of  elasticity  increased  slightly  with  de¬ 
creasing  temperature  for  the  foam  on  tank  3.  A  large  degree  of  data  scatter  can  be 
noted  between  the  results  from  foam  samples  for  tanks  1  and  2  and  the  results  for  tank  3 
in  the  direction  parallel  to  the  foam  rise,  particularly  at  liquid  nitrogen  temperatures. 
The  reason  for  this  is  not  specifically  known  since  (1)  the  results  for  all  tanks  generally 
showed  good  agreement  for  the  compression  testing  and  (2)  even  though  the  foam  sample 
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Figure  21.  -  Tensile  modulus  of  elasticity. 


lengths  were  different  (2,  5  cm  or  1.  0  in.  for  tank  3  as  compared  with  7. 6  cm  or  3.  0  in, 
for  tanks  1  and  2),  the  foam  fractured  near  the  center  of  each  sample.  The  faired 
curves  again  indicate  the  trends  utilized  in  the  computer  program  to  predict  thermal 
stresses. 

Shear  tests.  -  The  results  of  the  tests  to  determine  the  shear  modulus  of  the  foam 
insulation  are  shown  in  figure  22.  The  shear  modulus  (1)  increased  with  decreasing 
temperature  and  (2)  showed  no  distinct  or  consistent  differences  between  parallel  and 
perpendicular  orientation  to  the  foam  rise.  The  results  shown  were  similar  to  that 
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Figure  22.  -  Shear  modulus  of  elasticity. 


noted  in  reference  10  except  that  the  values  shown  in  figure  22  are  somewhat  lower. 

Thermal  contraction  tests.  -  The  results,  shown  in  figure  23,  indicated  that  the 
thermal  contraction  was  greater  in  the  orientation  perpendicular  to  the  foam  rise  than 
parallel  to  the  foam  rise.  These  results  are  consistent  with  those  noted  in  reference  10. 
The  data  generally  did  not  show  too  much  scatter  although,  in  two  instances,  there  were 
considerable  differences  noted  between  the  foam  on  the  top  and  bottom  halves  of  the  tank. 
The  faired  curves  indicate  the  values  of  thermal  contraction  utilized  in  obtaining  the 
coefficient  of  thermal  contraction  for  the  computer  program  to  predict  thermal  stresses. 


Discussion 

The  thermophysical  properties  of  the  foam  samples  obtained  for  tank  3  tended  to 
show  closer  agreement  between  orientation  parallel  and  perpendicular  to  the  direction  of 
foam  rise  when  compared  to  the  first  two  tanks.  This  trend,  coupled  with  the  foaming- 
in -place  technique  is  believed  responsible  for  the  structural  integrity  of  the  foam  insu¬ 
lation  on  tank  3  throughout  all  of  the  experimental  testing. 
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Thermal  contraction,  AL/L 


APPENDIX  C 


ANALYTICAL  THERMAL  STRESS  CALCULATIONS 

To  complete  the  investigation  reported  herein,  it  was  desirable  to  analytically  pre¬ 
dict  the  stress  profiles  occurring  within  the  layer  of  foam  insulation  for  several  of  the 
temperature  profiles  obtained  during  the  experimental  phase  of  the  testing.  The  stresses 
occurring  within  the  insulation  are  thermal  stresses  resulting  from  the  higher  rate  of 
thermal  contraction  of  the  foam  when  compared  to  that  of  the  tank  wall.  It  would  be 
expected,  then,  that  compressive  stresses  would  occur  in  the  radial  direction  and  tensile 
stresses  would  occur  in  the  tangential  direction  to  the  tank  wall.  Also,  it  was  desirable 
to  analytically  determine  the  effect  of  tank  size  and  foam  insulation  thickness  on  the 
predicted  stress  levels. 


n 


(a)  Concentric  n-layer  spherical  shell. 


(b)  Free  body  diagram  of  n^^  concentric  layer. 
Figure  24.  -  Analytical  model  for  stress  analysis. 
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Mathematical  Model 


The  layer  of  foam  insulation,  together  with  the  tank  wall,  was  assumed  to  be  com¬ 
posed  of  n  concentric,  spherical  shells  (fig.  24)  as  described  in  reference  8.  Each 
shell  was  considered  to  be  elastic,  homogeneous,  and  isotropic.  Temperature  profiles 
obtained  experimentally  from  the  chilldown  tests  for  both  ground-hold  and  space-hold 
conditions  were  used  in  the  mathematical  model.  The  temperature  of  each  shell  was 
assumed  to  be  uniform  across  the  shell  and  equal  to  the  mean  temperature  as  determined 
from  the  experimentally  measured  temperature  profile.  A  total  of  51  concentric  shells 
were  utilized  in  the  computer  program,  with  the  tank  wall  being  the  inner  shell  and  the 

foam  layer  being  composed  of  50  shells. 

The  radial  stress  for  the  n  ^  shell  was  determined  from  the  following  equation 

(ref.  8): 


The  tangential  stress  for  the  n*"^  shell  was  determined  from  the  following  equation 
(ref.  8): 


T 
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The  interface  pressures  are  determined  from  the  boundary  condition  and  the  following 
equation: 
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The  assumptions  for  the  analysis  included  the  following: 

(1)  =  temperature  at  which  foam  insulation  was  allowed  to  set  and  cure  on  the  tank 
(approx  322  K  or  580*^  R). 

(2)  =  tank  pressure. 

(3)  Pj^  =  environmental  pressure. 

The  analysis  accounts  for  both  temperature  and  material  dependent  properties  from 
shell  to  shell  but  does  not  account  for  variations  of  properties  in  the  tangential  and  radial 
directions  (perpendicular  and  parallel  to  the  direction  of  foam  rise,  respectively).  In  the 
program,  the  interface  pressures  P^  were  calculated  using  the  radial  (parallel  to  rise) 
foam  properties;  then  the  tangential  and  radial  stresses  were  calculated  using  the  tan¬ 
gential  and  radial  foam  properties,  respectively.  Generally,  the  use  of  the  computer 
program  in  this  manner  should  provide  results  of  sufficient  accuracy  for  engineerir^ 
purposes.  Also,  since  the  foam  is  not  really  isotropic,  the  use  of  Poisson's  ratio  is  not 
exactly  correct  either.  For  the  purpose  of  this  investigation,  however,  a  value  of 
Poisson's  ratio  of  0.41  was  assumed  (ref.  11). 

The  temperature  profiles  imposed  on  the  foam  insulation  were  averages  of  the  ex¬ 
perimentally  measured  temperatures  obtained  at  various  times  during  the  chilldown  tests 
on  the  top  and  bottom  halves  of  tank  3  for  both  ground-hold  and  space-hold  conditions, 
test  1  (fig.  13)  and  test  7  (fig.  17),  respectively.  The  test  times  of  the  temperature 
profiles  as  well  as  the  foam  properties  utilized  in  the  computer  program  are  shown  in 
table  V. 


8x10^ 


Figure  25,  -  Predicted  foam  radial  stress  profiles  for 
tank  3,  test  1  (ground-hold  conditions). 
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Results 


The  analytically  predicted  radial  and  tangential  stresses  within  the  layer  of  foam 
insulation  for  the  ground-hold  test  (test  1)  of  tank  3  are  shown  in  figures  25  and  26,  re¬ 
spectively.  The  radial  stresses  indicated  compressive  loadings  and  the  tangential 
stresses  indicated  tensile  loadings  as  would  be  expected  since  the  foam  insulation  has  a 
higher  rate  of  contraction  than  the  aluminum  tank  wall.  The  highest  stresses  are  found 
adjacent  to  or  near  the  tank  wall -foam  interface.  The  stresses  generally  tend  to  increase 
as  the  temperature  gradient  across  the  foam  insulation  increased.  In  all  cases,  however. 


Figure  26.  -  Predicted  foam  tangential  stress  profiles 
for  tank  3,  test  1  (ground-hold  conditions). 


the  predicted  foam  stresses  were  well  below  the  yield  strengths  noted  in  the  foam  sample 
tests. 

The  analytically  predicted  radial  and  tangential  stresses  for  the  space-hold  test 
(test  7)  of  tank  3  are  shown  in  figures  27  and  28,  respectively.  The  somewhat  strange 
behavior  of  the  stresses  occurring  during  the  transition  from  ambient  temperature  to 
liquid  hydrogen  temperature  is  caused  by  the  liquid  hydrogen  cooled  shroud  which  cooled 
down  the  outside  of  the  foam  insulation  layer  more  rapidly  than  the  interior  of  the  layer. 
The  predicted  stresses  at  the  end  of  the  space-hold  test  were  generally  more  severe  than 
for  the  ground-hold  test  but  still  well  below  the  yield  strengths  noted  in  the  foam  sample 
testing. 
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The  analytically  predicted  stresses  within  the  foam  insulation  for  tanks  of  varying 
size  are  shown  in  figures  29  and  30  for  the  radial  and  tangential  stresses,  respectively. 
To  illustrate  the  effect  of  tank  size,  a  spherical  tank  having  a  diameter  of  3.  05  meters 
(10  ft)  was  arbitrarily  chosen.  The  average  temperature  profile  obtained  at  a  test  time 
of  191  minutes  for  ground-hold  test  1  of  tank  3  (fig.  13)  was  generalized  with  respect  to 
the  distance  from  the  tank  wall  x/t  to  account  for  varying  foam  insulation  thickness  and 
then  applied  to  several  insulation  thicknesses.  This  simplifying  assumption  used  together 
with  the  analytical  results  indicated  that  the  generalized  stress  profiles  were  identical 
for  tanks  of  varying  size  if  the  values  of  the  foam  thickness  to  tank  diameter  ratio  t/D 
were  equal.  In  addition,  the  analytical  results  indicated  that  the  radial  compressive 
stresses  decreased,  and  the  tangential  tensile  stresses  increased  only  slightly,  as  the 
foam  thickness  to  tank  diameter  ratio  decreased. 
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TABLE  I.  -  CONSTITUENTS  OF  FOAM  FORMULATIONS 


Constituent 

Parts  by  weight 

Tanks  1  and  2 

Tank  3 

Plaskon  PFR  6  foam  resin 

100.0 

100.0 

Dab  CO  LV-33  catalyst 

.6 

.6 

Union  Carbide  5310  silicone  surfactant 

1.5 

1.5 

Glidden  RCR  5043  isocyanate  prepolymer 

111.0 

Nadconate  1080  HM  prepolymer 

— 

110.0 

Freon  R-11  fluorocarbon  blowing  agent 

30.0 

26.5 

_ 

TABLE  n.  -  EXPERIMENTAL  TEST  PROGRAM  FOR  FOAM  INSULATED  TANKS 
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TABLE  m.  -  RESISTANCE  RATIOS  FOR 


FOAM  THERMOCOUPLE  PROBES 


Probe  length 

Resistance  ratio, 

g/gT 

Remarks 

cm 

in. 

2.  54 

1.00 

0.  0585 

Initial  calibration 

2.22 

.88 

.  0668 

Foam  insulated  tank  3 

1.90 

.75 

.  0780 

1.27 

.50 

.  1170 

.63 

.25 

.2339 

TABLE  IV.  -  FOAM  INSULATED  TANK  3  VIBRATION  TEST  CONDITIONS 


CD  O  CD  O  CD 

tH  00  rH  CD  LD 

O  O  i-t  o  o 

O  O  O  O  O 


O  05  ID  -Cf 

O  CJ  CM  ’-H  i-H 

O  O  O  O  O 


O  lD  05  05  05 


CM  CO  CO  Lf5  O 


CO  CO  O  CD  CD 

m  T-(  CO  •— I  iD  GO 

O  ^  t-H  t-H 

o  o  o  o  o  o 


o  o  o  o  o  o 


CM  rr  CD  CD  CO 

m  O  CD  <J5  CM  CD 

t-H  CM  1-1  CM  CO  CM 

o  o  o  o  o  o 


UO(05COa5  05  Ir' 
t-H  CM  CO  CM  CO 

o  o  o  o  o  o 


OOlD'^^OCO  OiCMCMinCMCO 

’^CO'CfCMlD'M^  COlDi^^C-COCD 

oooooo  oooooo 


icr  C75  05  05  lO 


o  C-  C-  CO  CM 


05  05  05  LD  05 


OO  05  CM  o  CO  CD 


^  05  05  iD  05  ^ 


ID  icr  CO  CM  CD  c- 


O5  0OCDC-CDr- 
05  C75  05  00  CO  CO 

OOOOOO 


05  CO  CD  "cr  1— I 

CO  05  05  05  O  05 

O  O  O  O  rH  O 


tr-  CD  CM  O 

05  05  05  05  O  O 

O  O  O  O  i-H  rH 


D  D  T3 


tH  00  CO  1-1  C-  o 

ID  CM  T— (  CM 

CM  CM  CM  CM  CM  CM 


ID  C-  CO  C35  C-  05 

CM  CO  ■'Cf  CO  ID  CO 

CM  CM  CM  CM  CM  CM 


CD  05  'Cf 

rji  CO  CO  ID  CD 

CM  CM  CM  CM  CM  CM 


C-  C-  CM  C-  CM 

CD  CD  CD  CD  ID  CD 

CM  CM  CM  CM  CM  CM 


05  CM  CD 
CD  CD  05 
CM  CM  i-H 


O  rlH  eg  o 


CM  CO  CM  00  CO 


LD  CD  ID  ID  lD  iD 


ID  ID  ID  ID  lD 


ID  ID  ID  ID  D  ID 


D  D  iD  ID  D  D 


OOOOOO 


OOOOOO 


OOOOOO 


Tank  filled 


TABLE  V.  -  INPUTS  TO  COMPUTER  PROGRAM  TO  PREDICT  STRESS  PROFILES  WITHIN 


NASA-Langley,  1969  -  18 


E-4671 


Perpendicular  to  foam  rise. 


